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and hence may mark genes for activation by Pdx during
pancreas development. Further, if Pbx and Meis pro-
teins act as markers that enable transcriptional activa-
tion by sequence-specific factors, this may have rele-
vance to the role of Pbx and Meis in cancer. For instance,
fusion of Pbx1 to the activation domain of E2A, as a
result of chromosomal translocations, leads to pre-
B-cell leukemia. Since E2A binds histone acetyl trans-
ferases (HATs), the E2APbx1 fusion protein might be
particularly detrimental because it can penetrate silent
chromatin, recruit HATs, and activate transcription with-
out a requirement for other sequence-specific transcrip-
tion factors.
Charles G. Sagerstro¨m
Department of Biochemistry and Molecular
Pharmacology
University of Massachusetts Medical School
LRB822, 364 Plantation Street
Worcester, Massachusetts 01605
Selected Reading
Agalioti, T., Lomvardas, S., Parekh, B., Yie, J., Maniatis, T., and
Thanos, D. (2000). Cell 103, 667–678.Figure 1. Model Outlining a Hypothetical Scenario for Regulation
Asahara, H., Dutta, S., Kao, H.Y., Evans, R.M., and Montminy, M.of a Hox-Dependent Gene
(1999). Mol. Cell. Biol. 19, 8219–8225.Pbx/Meis complexes penetrate inactive chromatin (illustrated as
Berkes, C.A., Bergstrom, D.A., Penn, B.H., Seaver, K.J., Knoepfler,DNA [diagonal black lines] wound around nucleosomes [light blue
P.S., and Tapscott, S.J. (2004). Mol. Cell 14, 465–477.rectangles]) and make it accessible to Hox proteins. The promoter
remains inactive, perhaps as a result of corepressors recruited by Choe, S.-K., Vlachakis, N., and Sagerstro¨m, C.G. (2002). Develop-
Pbx/Meis, until the Hox protein binds. The Hox protein recruits co- ment 129, 585–595.
activators (e.g., histone acetyl transferases, HATs) as well as ATP- Cirillo, L.A., Lin, F.R., Cuesta, I., Friedman, D., Jarnik, M., and Zaret,
dependent chromatin remodeling machines to activate tran- K.S. (2002). Mol. Cell 9, 279–289.
scription.
Gerber, A.N., Klesert, T.R., Bergstrom, D.A., and Tapscott, S.J.
(1997). Genes Dev. 11, 436–450.
Mann, R.S., and Affolter, M. (1998). Curr. Opin. Genet. Dev. 8,
423–429.
recruited. For instance, there are no known direct inter- Saleh, M., Rambaldi, I., Yang, X.J., and Featherstone, M.S. (2000).
actions between Meis, Pbx, or Hox and components of Mol. Cell. Biol. 20, 8623–8633.
the ATP-dependent chromatin remodeling complexes Sartorelli, V., Huang, J., Hamamori, Y., and Kedes, L. (1997). Mol.
such as SWI/SNF. Cell. Biol. 17, 1010–1026.
Importantly, Pbx and Meis bind proteins in addition Thorsteinsdottir, U., Kroon, E., Jerome, L., Blasi, F., and Sauvageau,
G. (2001). Mol. Cell. Biol. 21, 224–234.to Hox and MyoD. For instance, Pbx and Meis bind Pdx
Animals displaying a bilateral symmetry need a geneticColinearity Loops Out
system to specify structures along their various body
axes. For example, rib-carrying vertebrae are necessary
at the thoracic level, but would not be appropriate in
the neck. Likewise, digits should be positioned at the
distal end of the limbs, rather than at their beginning.
This important task is regulated by the members of
Modulation of chromatin structure has long been pro- the Hox gene family. In mammals, these genes are
posed to underlie the colinear regulation of Hox genes grouped into four genomic clusters and encode proteins
during animal development. In a recent paper, Cham- whose various combinations will instruct different body
beyron and Bickmore explore this possibility in retinoic levels as to the type of structures to be generated (e.g.,
acid-induced ES cells. They show that, while chroma- Krumlauf, 1994). Such a combinatorial system calls for
tin remodeling confers transcriptional competence to precise protein distribution, hence the underlying tran-
the gene cluster, subsequent sequential extrusion of scriptional control must be well orchestrated. An impor-
genes from their chromosome territory may determine tant aspect of this control relies upon an enigmatic prop-
erty, referred to as “colinearity” (Lewis, 1978), wherebytheir coordinated expression in time.
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the expression specificity of clustered genes depends al., 2002, and references in Chambeyron and Bickmore,
upon their genomic topography. Genes located at one 2004) suggests that physical exclusion of a gene from
extremity of the cluster are activated earlier and in more the chromosome territory (CT) is selectively associated
anterior structures than genes lying progressively to- with transcriptional activity. The authors then combined
ward the opposite end (Gaunt et al., 1988; Krumlauf, FISH for Hoxb1 and Hoxb9 with a paint for chromosome
1994; Kmita and Duboule, 2003). 11 and calculated the distance between the two signals
The molecular mechanisms governing this process and the nearest CT edge. They conclude that Hoxb1
are still unclear. In particular, the regulation of the pro- and Hoxb9 sequentially loop out from their CT at the
gressive temporal activation of these genes during ver- time they are selectively expressed. Furthermore, Hoxb1
tebrate embryogenesis has remained elusive. Based on is located closer to the CT periphery than Hoxb9 even
genetic evidence, it was hypothesized that the transcrip- before RA induction, which may reflect a greater avail-
tion of neighboring genes in the developing trunk was ability of 3-located Hox genes for transcription. In addi-
progressively activated as a result of concomitant modi- tion, looping out of Hoxb genes at the time of their
fications in the structure (accessibility) of chromatin (re- expression appeared directional, toward the center of
viewed in Kmita and Duboule, 2003). In a recent paper, the nucleus, suggesting that it does not merely result
Chambeyron and Bickmore (2004) take this question to from chromatin decondensation.
a biochemical and subcellular level and provide support Based on these results, Chambeyron and Bickmore
to this proposal, yet with some unexpected observa- propose a two-step model whereby RA induction initially
tions. leads to alterations in histone modification and chroma-
To overcome the difficulty of obtaining pure embry- tin condensation that confer a transcriptional “aware-
onic cellular populations representing different extents ness” to the locus. Subsequently, ordered looping out
of Hox genes activation, these authors used ES cells from the CT allows the genes to be sequentially tran-
treated in vitro with retinoids. In this system, Hoxb genes scribed.
somehow recapitulate their temporal sequence of acti- This model nicely refines previously proposed mecha-
vation (Simeone et al., 1990). Because ES cell cultures, nisms, and the underlying experiments are the first to
both undifferentiated and after induced differentiation,
provide direct evidence for chromatin remodeling and
tend to be nonhomogeneous, a selection of either undif-
chromosome dynamics accompanying the modulation
ferentiated or differentiated cells was applied, such that
of Hox gene expression. It is nevertheless important to
two fairly pure cell populations could be isolated either
consider that collinear regulation occurs several timesbefore or at various time points after treatment. Tran-
and in different contexts in the course of embryonicscription of Hoxb1 was found to be induced by 2 to 4
development. While the onset of Hox gene transcriptiondays of retinoic acid (RA) treatment, whereas Hoxb9
during gastrulation occurs sequentially, subsequentrequired 10 days of RA exposure, at which time Hoxb1
gene regulatory events leading to the establishment ofwas no longer expressed.
fetal Hox expression domains also depend upon geneWith this material in hand, the authors looked at his-
order (Forlani et al., 2003). The time scale and modalitiestone modifications at these two loci, at three time points
of these multiple manifestations of colinearity vary ex-(0, 4, and 10 days of RA treatment) using ChIP and anti-
tensively, and the question remains as to whether theH3 antibodies. They observed an increase in both K9
same molecular mechanisms are at work (see Kmitaacetylation and K4 methylation at the Hoxb1 locus after
and Duboule, 2003). The challenge now is to apply the4 days of treatment. These modifications disappeared at
technologies used by Chambeyron and Bickmore today 10, when the gene was silenced again. Surprisingly,
mouse embryos and fetuses.however, the same modifications were detected at the
While genetic evidence for a direct role of RA in con-Hoxb9 locus after 4 days, i.e., 6 days before the gene
trolling general colinear gene expression during earlywas detectably transcribed. In this latter case, the modi-
embryogenesis is still lacking, the progressive refine-fications persisted after 10 days of treatment. Methyla-
ment of Hoxb gene transcription in the spinal cord istion at K9 was not scored under any circumstances.
RA dependent (Oosterveen et al., 2003). Consequently,To investigate a potential “opening,” or decondensa-
while the present results may shed light on a particulartion of the chromatin structure, the authors applied FISH
to ES cell nuclei, before and after RA induction. Hoxb1 case of concerted Hox gene regulation, their general
and Hoxb9 are separated by 90 kb, a distance that does relevance for the various colinear processes is as yet un-
not allow to separate their signals in undifferentiated, clear.
nonexpressing cells. After a few days of RA treatment,
however, the loci appeared significantly separated, sug-
gesting chromatin decondensation. Control experi-
Denis Duboule1 and Jacqueline Deschamps2ments showed this was due neither to the ES cell differ-
1Department of Zoology and Animal Biology andentiation protocol nor to the increase of histone
National Program “Frontiers in Genetics”acetylation per se, since it did not occur upon treatment
University of Genevaof ES cells with trichostatin A (TSA). The authors con-
CH-1211 Genevaclude that RA induces a rather specific and transient
Switzerlanddecondensation of chromatin at the Hox loci.
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Uppsalalaan 8modifications and decondensation were observed, nu-
3584CT Utrechtclear reorganization does not seem to solely account
for transcriptional activation. Previous work (Mahy et The Netherlands
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In a study of the C. elegans sex-determining geneREF-ereeing the Cytoplasmic Fate
tra-2, Kuersten et al. (2004) demonstrate that the path-of mRNA via Nuclear Export way of nuclear export can affect the translational control
of a specific mRNA. In particular, the association of
adaptor proteins and nuclear export factors with an ele-
ment in the 3 untranslated region (UTR) of tra-2 directs
The C. elegans sex-determining gene tra-2 is subject the pathway of nuclear export and affects the translation
to multiple forms of regulation. A report in the June of tra-2. These findings significantly impact our under-
4 issue of Molecular Cell now shows that proteins standing of both sex determination in C. elegans and
associated with the tra-2 mRNA determine its pathway the role of nuclear export in gene regulation.
of nuclear export and influence its cytoplasmic fate. A pathway of sex-determining genes specifies sexual
These findings demonstrate an additional level of con- cell fate in C. elegans (for review see Kuwabara and
trol and link nuclear export to the regulation of sex- Perry, 2001). tra-1 and tra-2 are required for female de-
ual development. velopment (Hodgkin and Brenner, 1977) (Figure 1A).
Specification of male cell fate, which occurs in males
and in hermaphrodites during spermatogenesis, re-The presence of a nuclear envelope necessitates the
quires repression of the tra genes (Figure 1A). Repres-movement of molecules between the nucleus and the
sion of the zinc finger transcription factor TRA-1 iscytoplasm. Nuclear export of RNAs and proteins is
achieved via its export to the cytoplasm. Translationalachieved through their association with soluble trans-
repression of the tra-2 mRNA, which encodes a trans-port receptors that recognize substrates directly or
membrane protein, is mediated in part through elementsthrough the use of adaptor proteins. Transport receptors
in its 3UTR (Goodwin et al., 1993).escort their cargo across the nuclear membrane by mak-
The importance of the tra-2 3UTR in promoting maleing specific contacts with proteins of the nuclear pore.
development is further evinced by findings that it regu-Increasing evidence demonstrates that mRNA export is
lates tra-2 mRNA and TRA-1 nuclear export (Graves etcoupled to other cotranscriptional processes such as
al., 1999; Segal et al., 2001). Previous data demonstratedsplicing, surveillance, and ribonucleoprotein (mRNP)
that, in the absence of TRA-1, tra-2 is retained in thepackaging, indicating that export plays an important role
nucleus via a 3UTR tra-2 retention element (TRE)in determining the fate of mRNA transcripts (for review
(Graves et al., 1999). Notably, the binding of TRA-1 tosee Reed, 2003; Stutz and Izaurralde, 2003). As the nu-
tra-2 mRNA in a region of its 3UTR that overlaps theclear envelope poses as a physical barrier between tran-
TRE overcomes nuclear retention of tra-2 (Graves et al.,scription and translation, the control over export exerted
1999; Segal et al., 2001). Nuclear export of TRA-1 andby nuclear transport, adaptor, and nuclear pore proteins
tra-2 mRNA, which occurs through an LMB-sensitiveprovides a powerful means of gene regulation.
pathway, relies upon the formation of a TRA-1/tra-2Typically, proteins and mRNAs exit the nucleus by
mRNA complex (Segal et al., 2001). Export of the TRA-different export pathways (for review, see Lei and Silver,
1/tra-2 mRNA complex effectively reduces nuclear lev-2002). Proteins containing nuclear export signals are
els of TRA-1, thereby promoting male developmentexported via an interaction with the Leptomycin B
(Segal et al., 2001). Now, Kuersten et al. show that the(LMB)-sensitive export receptor, CRM1. Nuclear export
route of tra-2 mRNA export depends upon the TRE.of most mRNA transcripts is believed to occur primarily
Removal of the TRE results in nuclear export of tra-2through the nuclear export factor NXF-1. However, some
that requires NXF-1 but is no longer sensitive to LMBRNAs may rely upon an export pathway that is sensitive
(Kuersten el al., 2004).to LMB (reviewed in Cullen, 2003). Presently, it is unclear
The presence of a nuclear retention element in tra-2how the choice of mRNA nuclear export pathway is
suggested the existence of TRE-interacting factors.determined. Adaptor proteins such as those in the RNA
Kuersten et al. reasoned that removal of these factorsexport factor (REF) family, which are deposited on pre-
would have the same effect as loss of the TRE. RNAimRNA, bind to both RNA and mRNA export factors and
experiments performed to reduce the activity of selectare believed to facilitate mRNP export (reviewed in Stutz
nuclear export factors and adaptor proteins demon-and Izaurralde, 2003). Yet, whether adaptor or other
strated that the loss of either NXF-2 (a second NXFproteins confer selection of export pathway remains to
family member), REF-1, or REF-2 leads to tra-2 exportbe determined. Moreover, it is not understood how the
route of export influences the cytplasmic fate of mRNAs. that utilizes NXF-1 but is no longer sensitive to LMB.
